Concentrations of dissolved and particle-associated n-alkanes, phthalates and polycyclic aromatic hydrocarbons (PAHs) were measured in sea surface microlayer (SML) and sub-surface water (SSL) samples collected in the coastal area of Terra Nova Bay, Antarctica, during the Austral spring 1998/1999. SML concentrations of the selected organic compounds were higher than SSL values and the enrichment factors were greater in the particulate phase than in the dissolved phase. During the same campaign, ''fresh'' snow samples, collected at different altitudes (from sea level up to 2670 m) near the coast on Mt Melbourne, immediately after a snowy event, were analysed in order to provide more information on air/sea exchange processes. The same classes of organic compounds found in sea water were also present in ''fresh'' snow samples. The surfactant fluorescent organic matter (SFOM), adsorbed on the microdrop aerosol surface, could be considered the main constituent of the enrichment and the carrier at higher altitudes of organic compounds. In fact, hydrocarbons (n-alkanes and PAHs), which are not surfactants like phthalates, could interact with SFOM and follow the same fate.
Introduction
The Antarctic region is one of the most pristine areas in the world. Despite its remoteness, it exhibits evidence of marine contamination from scientific support activities, tourism, fishing and disposal practices. 1 The present level of contaminants is not only related to local sources but also referred to the longrange transport from lower latitudes (such as via the atmosphere, water currents, sea-ice drift), depending on weather conditions and on the physico chemical properties of the compounds.
Sea surface film is considered as a gradient-region with its own physical, biological and chemical properties. 2 Many attempts have been made to measure the concentrations of various natural and anthropogenic contaminants in the sea surface microlayer (SML), [3] [4] [5] [6] [7] [8] [9] but, from our knowledge, SML concentration data are not available in the Ross Sea coastal waters, Antarctica. SML is generally considered to be enriched relative to sub-surface water (SSL) with a wide variety of chemicals concentrated to the air-sea interface because of their surfactant nature, hydrophobic properties, possible association with floatable particles, vertical diffusion mechanisms or bubbles scavenging. The transfer of such chemicals from and across the sea surface microlayer to the atmosphere may take place through the volatilization due to those compounds with high vapor pressure, the stripping by the bubbles and the formation of wind generated aqueous aerosol. 6, [10] [11] [12] [13] [14] In fact, when air bubbles burst at the sea surface they generate an aerosol which is contaminated and enriched with material scavenging from the SML and the water column. 8 Antarctic coastal areas are directly exposed to marine air masses and coastal snow appears to be a very good aerosol sampler in those conditions (salt storms) in which all other expected aerosol contributions (continental, anthropogenic, volcanic) are minimal. 15 Snow is the only possible wet deposition present in the Antarctic region, and the snow sampling at stations located in different geographic positions (altitude and distance from the sea) can give useful information about aerosol sources and transport processes (such as short and long-range transport and fractionation effects). In fact, material present in the marine aerosol and atmosphere can be incorporated into snowfalls or falls onto the snow surface by dry deposition. Hence, the concentrations of airborne contaminants in the snow represent an unambiguous record of the local atmospheric composition and can be used for estimating pollutant levels in the region. 16 This paper reports results for hydrocarbon analyses (n-alkanes and PAHs) and, for the first time, their enrichments in SML samples collected in the coastal area of Terra Nova Bay, Antarctica during the Austral spring 1998/1999. The study was also broadened to include phthalate esters, since they represent a class of synthetic chemicals most extensively employed in many industrial applications, 17 and as a consequence, evidences of their widespread presence in different environmental matrices, have been documented. [18] [19] [20] In addition, phthalate contamination of remote regions, such as Antarctic marine environment, has been elsewhere reported, [21] [22] [23] suggesting that long-range transport could play an important role in the transfer of such compounds from industrial to remote areas.
As part of our efforts to understand the correlation between sea surface microlayer and snow composition, ''fresh'' snow (that is collected as soon as possible after deposition so as to avoid alterations due to photochemical reactions and/or me-teorological events) was sampled near the coast on Mt Melbourne during the same campaign. The monitoring of these contaminants should give an indication of the degree to which the remote area is exposed, and analysis of snow samples could be useful to better evaluate the role of marine aerosol in the transport of organic compounds from the air/sea interface to coastal zones and its contribution to the chemical composition of the snow. The presence of high concentrations of NaCl in coastal Antarctic snow has been attributed to a marine aerosol contribution. 21, 24, 25 Therefore, organic compound concentrations in snow samples can depend on the different composition of marine aerosol with respect to the sea water and on the distance from the coast and altitude above sea level (a.s.l.) of the snow sampling site. In order to better understand this phenomenon, it is necessary to calculate the ratios between the concentration of organic compounds in snow and sea water samples with respect to the concentration of sodium ion in the same matrices. In fact, sodium ion can be used as a reference component because it is not enriched during the aerosolization process and its concentration can be taken as a quantitative index of marine aerosol content in the snow. 21, 24, 25 
Experimental Sampling sites
In the framework of the Italian Research Program in Antarctica (PNRA) sea surface microlayer (SML) and sub-surface water (SSL) samples were collected during the 1998/1999 Austral spring in a near shore station located in the Gerlache Inlet area, at Terra Nova Bay, Victoria Land, Antarctica (430 m deep; distance from the coast 47 km, see Fig. 1 ). This area was chosen because considered free from research station influences and maritime traffic.
SML and SSL samples were collected under calm sea conditions, by Multi-Use Microlayer Sampler (MUMS), 8, 26 which is based on the method proposed by Harvey. 27 Briefly, the sampler consisted in a radio-controlled catamaran, with a Pyrex glass rotating drum (315 mm diameter, 500 mm length, 6 rpm speed). The material adsorbed on the drum surface was removed by a Mylar scraper. The collected liquid was carried to a pre-cleaned stainless steel bottle by a Teflon membrane pump. The rotating drum, as well as the collector pipe line, was washed with sea water for 10 minutes before sampling. The flux of collected liquid was switched in the bottle or in the sea by a Teflon solenoid three-way valve. The whole line for microlayer and sub-surface collection was in Teflon. Sub-surface water was collected by the switching of microlayer line to the subsurface, around 0.5 m from the sea surface. The catamaran, as well as the rotating drum, pumps and valves, was electrically powered. In Table 1a are reported sampling days, sea conditions and air temperatures for SML and SSL samples. All water samples were immediately frozen and kept at -30 1C until analysis.
''Fresh'' snow samples (about 40 litres) were taken near the coast along a transept at increasing altitudes on Mt Melbourne from 360 m up to 2670 m. The sampling stations for ''fresh'' snow were the following: sea level, 360 m, 1188 m, and 2670 m a.s.l. The sampling dates are reported in Table 1b . All samples were immediately kept at -301C until analysis.
Reagents and materials
Ultrapure water (418 MO) obtained from a Milli-Q system was used to extract glass fibre filters. Anhydrous sodium sulfate was heated for 12 h at 450 1C to remove any organic matter and kept at 120 1C until use. Glass fibre filters GF/F (Whatman, USA) were pretreated at 450 1C for 12 h. Solvents were all for organic trace analysis (Baker, Holland). Standard PAH mixture EPA 610 was commercially available from Supelco (Bellefonte, PA, USA) and included the following compounds: naphthalene (N), acenaphthylene (ACY), acenaphthene (AC), fluorene (FL), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLT), pyrene (PY), benzo(a)anthracene (BaA), chrysene (CHR), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo( a)pyrene (BaP), indeno(1,2,3-c,d)pyrene (IP), dibenzo(a,h)anthracene (DBA) and benzo(g,h,i)perylene (BghiP). Tetradecene, heicosene and triphenylbenzene were purchased from Alltech (Deerfield, USA).
All glassware and stainless steel bottles were cleaned before use by repeated washing with a hot mixture of chromic and concentrated sulfuric acid, ultrapure water and acetone and finally dried in an oven at 130 1C for 30 min.
Extraction of organic compounds
Sea water samples were separated into particulate and dissolved phases by filtering through glass fibre filters (nominal porosity ¼ 0.45 mm), using an all-glass vacuum holder (Sartorius, Florence, Italy). Sea salts were removed from the filters by rinsing with 20 ml of ultrapure water. The extraction of dissolved organic compounds was performed with n-hexane by the replicated extractant enrichment method, according to Desideri et al. 28 Before extraction, tetradecene, heicosene and triphenylbenzene were spiked into water samples and filters for recovery determination. Filters were treated with 32 ml of ultrapure water and 8 ml of methanol in a cold ultrasonic bath (Bransonic 3200, USA) and then extracted with 4 ml of a n-hexane-methylene chloride mixture 1/1 v/v by magnetic stirring for 15 min. 8, 29, 30 The extraction procedure was repeated three times. The extracts were anhydrified with sodium sulfate and evaporated to 100 ml. The organic extracts were dried over anhydrous sodium sulfate, evaporated to 100 ml under a gentle stream of nitrogen and then fractionated into three fractions of increasing polarity on a column (0.6 Â 10 cm) containing Silica gel 60 HR (Merck), previously activated to 120 1C for 3 h. 30 This procedure allowed us to separate n-alkanes (fraction I) from PAHs (fraction II) and phthalates (fraction III). Fractions I and III were analysed on a Varian 4290 gas chromatograph-mass spectrometer (GC-MS), according to a procedure and a temperature program described elsewhere. 8 Separation and identification of the investigated PAHs (FL, PHE, ANT, FLT, PY, BaA, CHRY, BbF, BkF, BaP, DBA, BghiP and IP) were achieved according to Cincinelli et al., 8 by using a Shimadzu (Milan, Italy) HPLC system equipped with two LC-10ADvp pumps, a photodiode array detector SDP M10AVP and a spectrofluorometric detector RF-551.
Fluorescence spectra
A Perkin Elmer LS50B Luminescence spectrometer was used to scan emission fluorescence spectra, (l ex 308 nm, Dl em 320-630 nm, em and ex slits 8 nm, scan speed 360 nm min À1 ). From the emission spectra, we calculated the normalised fluorescence intensity (I norm ) defined by:
Where I max is the maximum fluorescence intensity of fulvic acid (FA) band (440-460 nm) and I Raman is the maximum intensity of the Raman peak water. 31 I norm is a quantity defined in arbitrary units, requires a calibration procedure 32 and it is used here as an index of surfactant fluorescent organic matter (SFOM).
Sodium ion analysis
The sodium ion concentrations were determined by using portions of the water solution obtained by sonication. An ion chromatography apparatus Dionex 4500i equipped with a gradient pump, a conductivity detector (CDM-1) and an eluent gas module (EDM-2) were used for the determination of the inorganic ions. A Dionex CS10 column (eluent ¼ 1.0 ml min À1 of 20 mM HCl þ 0.5 mM diaminopropionic acid) followed by a CMMS-2 micromembrane suppressor was employed for cation separation. 33 Chromatographic data acquisition and elaboration were performed by a Dionex AI-450 integration software.
Blanks and detection limits
Precautions were taken to avoid contamination in the laboratory. As reported elsewhere 23, 34 an analytical blank procedure was performed inserting highly purified water (40 l) in two stainless steel reservoirs in Antarctica and freezing them at À30 1C until analysis.
The blank concentrations of organic compounds were 0.5-1.2 ng l À1 for phthalates, 0.7-1.1 ng l À1 for n-alkanes and 0.003-0.006 ng l À1 for PAHs. The concentration levels reported in Tables 2-4 were obtained by subtracting the blanks from the values measured by chromatograms.
Detection limits were calculated by doubling blank concentrations and, consequently, 2 ng l À1 for n-alkanes, 2.5 ng l À1 for phthalates and 0.012 ng l À1 for PAHs, were considered. Table 2 reports the total concentrations (ng l
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) of n-alkanes, phthalates, squalene and PAHs found in SML and SSL samples as well as the Enrichment Factor (EF) which is the ratio between the concentration of any substance in the SML and SSL samples collected at the same time. These classes represent almost all the organic substances extractable with nhexane and with n-hexane-methylene chloride for the dissolved and the particulate phases, respectively. n-Alkanes, having carbon numbers ranging from C 15 to C 32 , were detected in all samples. Dissolved n-alkanes varied from 223 to 532 ng l À1 for SML and from 108 to 298 ng l À1 for SSL, while particulate n-alkanes ranged from 377 to 767 ng l À1 for SML and from 192 to 574 ng l À1 for SSL. Particulate matter was also systematically higher in the SML (0.52-1.45 mg l À1 ) than in SSL (0.48-0.76 mg l À1 ), partially explaining the higher concentrations of particulate organic compounds in the surface microlayer to subsurface water.
Similar levels of dissolved n-alkanes were found in sea water (2 m deep) during previous expedition (36- Distribution pattern for n-alkanes in the samples are shown in Fig. 2 , for dissolved and particulate phases, respectively. As previously observed in sea water samples collected in the Ross Sea, 21 ,23 C 16 , C 24 , C 28 n-alkanes were generally present at higher concentrations with respect to the other congeners, with the exception of sample 4, which showed a particular distribution with an absolute maximum for C 29 . In this regard it should be noted that a n-alkane distribution with an absolute maximum for C 29 was observed for Euphasia superba, which is the main krill species present in this area. 29 The Carbon Preference Index (CPI), which is the odd to even carbon number ratio for n-alkanes, calculated over the range C 15 -C 32 , can be useful to distinguish the natural contribution to the n-alkane content from petrogenic or anthropogenic contaminants. Values of about one could suggest petrogenic contamination, whereas odd carbon predominance can evidence terrestrial plants and marine algae contributions. Moreover, as shown by Cripps, 37 odd/even ratios both less and higher than one have been found in pelagic organisms of the southern ocean and could, therefore, indicate a marine organism influence. CPI values were always found to be less than one in all the samples. In particular, values closer to one were determined in SML (range 0.49-0.88 and 0.51-0.90 for dissolved and particulate phase, respectively) than in SSL (range 0.44-0.63 and 0.42-0.72 for dissolved and particulate phase, respectively). Biogenic nalkanes would be expected to dominate the hydrocarbons at Terra Nova Bay between January and March, because it is the period of maximum phytoplankton biomass and sedimentation. [39] [40] Moreover, it is important to note that significant amounts of squalene were detected in all the samples (ranges: 321-752 ng l À1 for SML and 101-552 ng l À1 for SSL in dissolved phase; 42-752 ng l À1 for SML and 171-478 ng l
for SSL in particulate phase). This compound is an acyclic isoprenoid often used as a biological marker, originating mainly from the phytyl side chain of chlorophyll a. 41 These findings suggest a predominantly biogenic origin of n-alkanes. Odd to even ratios closer than one were observed in the SML dissolved and particulate phases of sample 4, owing to the very high concentration of C 29 found in this sample.
The identification of polluting hydrocarbons in the environment is complicated, since many of these compounds also occur naturally. However, PAHs occur to a minor extent in nature than aliphatic hydrocarbons and may be employed as indicators of man's impact on the environment. 37 In dissolved phase, PAH concentrations varied from 4.67 to 7.79 ng l À1 for SML and from 2.24 to 4.01 ng l À1 for SSL. The association between hydrocarbons and particulate is well known and is accentuated at low temperatures. 42 PAH content of sea water particulate ranged from 5.68 to 14.1 ng l À1 in SML and from 1.65 to 3.65 ng l À1 in SSL. These data confirmed the enrichment of SML with respect to SSL, both for dissolved and particulate phase, as observed for n-alkanes.
The low concentrations observed in this campaign confirmed the still pristine character of the Antarctic environment.
The PAH levels reported in this paper can be compared with those present in literature for Antarctic sea water. High variations have been observed by different authors; for example Cripps, 37 in a study concerning the Brainsfield Strait area, reported total PAH concentrations lower than the detection limit (50 ng l À1 ) at 43.5% of the sampling stations, while a further 43.5% had values in the range 50-500 ng l À1 and 13% 500-1700 ng l
. In samples collected at the Signy research station (South Orkney Islands) the same author measured a total PAH content ranging from 50 to 200 ng l
, depending on the distance from the coast. Much higher contents of total PAHs were observed in the Weddel Sea by Comes et al., 43 who reported concentrations up to 9.4 mg l À1 . PAH distributions in the dissolved and particulate phases of SML and SSL sea water samples are presented in Fig. 3 . FL, ANT, FLT, PY, BbF, BkF and BaP were detected in SML and SSL phases, in almost all the investigated samples. Among these analytes, Fl, ANT, FLT and Py were predominant in all samples as reported by Cripps 37 for sea water samples collected in the Southern Ocean.
In Table 2 , total phthalate concentrations are also reported. Phthalate esters are one of the most widely used classes of synthetic chemicals employed in industry today, and have become widely spread contaminants of the aquatic environment. 20 Dimethyl, di-n-propyl, di-isobutyl, di-2-ethylhexylphthalates represent the whole class of phthalates; the last one gives a major contribution to total phthalates. The amount of phthalates varied from 44.0 to 168 ng l À1 for SML and from 31.2 to 147 ng l À1 for SSL in dissolved phase, and from 106 to 238 ng l À1 for SML and from 46.1 to 123 ng l À1 for SSL in particulate phase. We were interested in the extent to which the microlayer is enriched relatively to subsurface water and this can be expressed in a dimensionless manner using the enrichment factor (EF). In all samples organic compounds are preferentially enriched in the sea surface microlayer (see Table 2 ). EF values of n-alkanes (range: 1.3-3.2), phthalates (range: 1.9-2.3) and PAHs (range: 2.8-5.5) in the particulate phase are for most samples higher than those dissolved (ranges: 1.2-2.1 for n-alkanes, 1.3-2.0 for phthalates, 1.5-3.3 for PAHs). Enrichment of particle associated PAHs in the SML was largely related to the preferential accumulation of particulate at the air /water interface. Table 3 reports the mean total concentrations expressed in ng l À1 of individual n-alkanes, squalene, phthalates and PAHs found in ''fresh'' snow samples collected at different altitudes on Mt Melbourne, located close to TNB. The results showed similar concentrations to those obtained during previous Antarctic campaigns. 21, 34 In Table 4 , the distribution of individual n-alkane, PAH and phthalate concentrations were shown for sample collected at 360 m above sea level (sample 11/30/98), as representative of all ''fresh'' snow samples. The distribution of n-alkanes, ranging from C 15 to C 32 , showed an odd to even carbon ratio varying from 0.52 to 0.98, indicative of a mainly biogenic origin.
Snow samples
In addition, all ''fresh'' snow samples showed the presence of squalene and n-alkanes with the prevalence of C 16 , C 24 and C 28 as found in all sea surface water analyzed, confirming previous studies, 34 which indicated these organic compounds to be markers of marine contribution to the chemical composition of snow.
PAH distributions and concentrations were found to be similar among the samples collected after the same precipitation event altough at different altitudes. Total PAH concentrations varied from 0.60 to 2.98 ng l À1 , and the main PAH components detected were fluorene, anthracene, pyrene and chrysene.
The phthalate compositions were similar to that found in sea water samples and almost represented by di-n-butyl, di-isobutyl and di-2-ethyl-hexylphthalate. The presence of this class of organic compound in snow samples is also confirmed by finding on the Antarctic atmospheric particulates collected by Ciccioli et al. 22a This study showed that samples of particulate organic matter, collected from January to February 1991, contained a significant amount of n-alkanes and phthalates. The authors hypothesized that some plasticizers (e.g. phthalates), have the same dispersion processes (probably due to their chemicophysical properties), since they are soluble in water, and consequently they are also associated with marine aerosol.
Although it could be expected that organic concentrations decrease as altitude increases, our results did not follow this particular trend. Concentration trends appear to be indistinct and could be dependent on climatic variation (i.e. wind direction) and/or on variations of organic compound concentrations in sea water as noted by other authors for the concentrations of anionic and cationic inorganic compounds. 44 The transfer process of these organic compounds from the sea water to the atmosphere and successively to snow precipitation could be related to the capability of organic matter to be enriched at sea surface by different processes as bubble bursting, diffusion, etc. Bubbles at the sea surface in particular could play an important role not only for surface enrichment, but also for organic matter ejection towards atmosphere. 3, 9, 11 Some authors 45 proposed the spray drop adsorption model (SDAM) that regards the relationship between the particles dimension of the marine aerosol and the distribution of organic matter in the low atmosphere. On the basis of SDAM, the transition from saline nature particle (largest particles) to an essentially organic nature particle (smallest particles), could offer an alternative explanation to the long-range transport of many pollutants via marine aerosol. 46 In fact, for rough sea condition (as Antarctic marine storms) marine aerosol reaches the coastal zone with a dimensional selection in relation to the altitude and distance from the sea; small particles are expected to reach longer distances.
In order to evaluate the marine contribution to the organic content of snow, we calculated the ratios between the concentrations of n-alkanes, PAHs and phthalates in ''fresh'' snow and sea water samples with respect to the concentrations of sodium ion in the same matrices, which is used as an univocal sea salt marker. In this paper with respect to previous studies, 8, 15, 45 we took into account organic compound concentrations in SML instead of in sea water because the air/water interface is expected to be the main contributor of the air-sea exchange.
In brief, we define the Enrichment Ratio (ER) of a generic compound (X) using:
where sn and SML refer to snow and SML, respectively. Since sodium ion is not enriched during the aerosolization process, its concentration was taken as a quantitative index of marine 1993-1994 and 1998-1999, showed an exponential trend with increasing of the altitude above sea level (see Fig. 4 ). 46 Substantially, it was noted that the sodium ion concentration decreases in high altitude samples whereas the mass of the fluorescent material increases, as shown in the ER(SFOM). This trend reminds the SDAM model, which assumes that fine and ultrafine particles are richer of organic matter and reach higher altitudes than largest ones.
As expected, in this study we obtained the same exponential trend for enrichment ratios for SFOM, calculated for all ''fresh'' snow samples collected at different altitudes (Fig. 5a) .
Moreover, greatest ER values at increasing altitude were found for phthalates, n-alkanes and PAHs, as shown in Fig.  5b , c and d. It should be pointed out that ER values vary from class to class, according to their different volatility, surface activity, interaction with particles and behaviour during the snow ''scavenging'' effect.
The fine and ultrafine particles of marine aerosol, being mainly constituted by surfactant material and reaching high altitudes, may justify the enrichment of phthalates with increasing the altitude above sea-level, because of their surfactants properties. 47, 48 A similar exponential curve was observed for n-alkanes and PAHs, although they are not surfactants. This trend could be explained considering that hydrocarbons can be transported into the liquid aerosol owing to their affinity towards the air bubbles and jet-drops and their capability to interact with the surface active material present at sea surface water, and follow the same fate. n-Alkanes also showed the greatest enrichment as the altitude increases, attributed to the higher percentage of these compounds in SML and to their high hydrophobicity which favours their adsorption on the natural surfactant matter (fulvic acids), as shown by laboratory studies. 12 
Conclusions
The SML is enriched with n-alkanes, PAHs and phthalates with respect to the SSL. The particulate EFs were greater than the dissolved EFs. The particle-associated enrichments in the SML were largely related to the accumulation of total suspended particles at air/water interface.
The same compounds identified in sea water samples were also present in ''fresh'' snow. In particular, the ''markers'' C 16 , C 24 and C 28 were the most abundant compounds among n-alkanes and the odd/even carbon number ratios were much lower than one, pointing out a biogenic origin of such chemicals. Organic compounds in ''fresh'' snow samples did not show a particular trend as altitude increases.
Chemicals found in the SML are transferred to the ''fresh'' snow samples by marine aerosol and are enriched particularly in the finest particles, which can be involved in the long range transport of pollutants.
The ER values for phthalates, n-alkanes and PAHs increase with increasing the altitude above sea level and distance from the coast. The behaviour of phthalates is in agreement with the deposition of the finest marine aerosol particles, mainly constituted by surfactant material, at higher altitudes according to the SDAM. The enrichment of n-alkanes and PAHs could be explained considering the strong affinity of hydrocarbons for the natural fluorescent surfactant matter (fulvic acids) which is abundant in fine and hyperfine aerosol particles.
